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ELEVATED-TEMPERATURE TENSILE AND CREEP PROPERTIES 


OF SEVERAL FERRITIC STAINLESS STEELS 
by J. Daniel Whittenberger 
Lewis Research Center 


SUMMARY 

The elevated-temperature mechanical properties of several ferritic 
stainless steels have been determined The alloys evaluated included 
Armco 18SR, GE 1541, and NASA-18T-A. Tensile and creep strength proper- 
ties a< 1073 and 1273 K and residual room-temperature tensile propertie*- 
after creep testing were measured. In addition, 1273 K tensile and t'eep 
tests and residual property testing were conducted with Armco 18SR and 
GE 1541 which had been exposed for 2( 0 hours to a severe oxidizing envir 
ment in automotive thermal reactors. Aside from the residual tensile prep 
erties for Armco 18SR, pri jr exposure did not affect the mechanical proper- 
ties of either alloy. The 1273 K creep strength parallel to the sheet- 
rolling direction was similar for all three alloys. At 1073 K, NASA-18'I-A 
had better creep strength than either Armco 18SR or GE 1541. NASA-18T-A 
possesses better residual properties after creep testing than either Arm* > 
18SR or GE 1541. 


INTRODUCTION 

Recent work (ref. 1) has shown that several ferritic stainless steels 
have potent Lai for use in severe oxidizing environments such as automotive 
thermal reactors. In such environments, candidate alloys must possess ex- 
cellent high temperature oxidation and corrosion resistance; in addition, 
moderate elevated temperature strength is required to prevent severe dis- 
tortion. The elevated temperature stress rupture, tensile, and oxidatin' 
data of several ferritic stainless steels and alloy modifications which 
performed well in severe environments have been reported (ref. 2). This 
work presents additional mechanical properties of two of the most promis- 
ing lerritic stainless steels, GE 1541 and Armco 18SR, and one alloy mod- 
ification, NASA-18T-A. The latter alloy was evaluated in place of the some- 
what more desirable alloy modification NASA-18T (ref. 2) because the supply 
of NASA-18T was exhausted during thermal reactor tests (ref. 1). However, 
it should be noted that NASA-18T-A is only slightly weaker than NASA-181 
(ref. 2) and yet both possessed equivalent oxidation resistance. Also, 
NASA-18T-A contains much less (0.45 wt . percent) tantalum, an expensive 
alloying element, than NASA-18T (1.25 wt. percent). 

The mechanical properties evaluated in this study included 1273 K ten- 
sile and creep properties. Creep testing was conducted for a maximum oi 
150 hours, and most untailed creep test specimens were tensile tested at 
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room t empe rat ut e to determine it anv him Urns mtciostructur.il damage 
occurred duting creep tenting. A tew 1073 k tensile and creep tests were 
also conducted, and the untalled creep “pecimena were tensile tested at 
room tempetature All alloys weie tested in the as-received condition; 
in addition, GE 1541 and A nno 18SR wen tested alter being exposed toi 
.’00 hours in a severe oxidizing environment as actual thermal reactot 
cores (rei. 1). The latter testing was conducted in an etiort to assess 
the etlects ot the strenuous environment on mechanical properties 
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All the alloys ti'-ed in 'his ntudy were purchased in the term ol 
nominally 0.3 meter wide by 1 meter long and 0 in centimeter title k slice's 
The specitli melting and tolling practice tot each alloy .an be tound in 
references 2 and * The compositions and average gialn size as dou mined 
by linear analysis ot the as-reteived sheet alloys ate shown in table 1. 

None ot the alloys possessed a crystallographic texture All the alloys 
were tested in the as-received condition In addition, GE 1541 and 
Armco 18SR were tested it ter 200 hours expesute as thermal reactor cotes 
(rei. 1). These cores were subjected to 80 cycles where each cycle con- 
sisted ol 2 hours at 1313 K; terced air cooling r o 343 K; and return to 
*1313 K . Specltic intoimution concerning teactot performance and photo- 
micrograpna of exposed alloys can be tound in reference 1. In general, 
the cores were in good condition and exh b ted only minor surface oxida- 
tion. At ter 200 hours exposure, the average grain si/o ot GE 1341 increased 
to lb5 lira while Armco 18SK Increased to 125 c-m 

Pin grip tensile type specimens, 3 18 centimetet gage length by 095 
centimeter gage width, were blanked itom the as-received alloys. Speci- 
mens with gage lengths both parallel and perpendicular to the tinal sheet 
rolling direction wete punched tiom Armco 18SR and GE 1541 while only speci- 
mens with the gage length parallel to the tinal sheet rolling direction were 
punched t rom NASA-18T-A Identical tensile specimens were also blanked Item 
the exposed thermal reactor ceres which had been split open and tlattened a» 
room temperature. Specimens were carefully punched t rom regions which had 
not undergone severe changes (tor example, welding) during core fabrication. 
The gage lengths ot all the test specimens punched tiom reactot cores were 
perpendicular to the final sheet rolling direction. In this report, test 
specimens punched itom thermal reactot cores are noted by the designation 
(IRC) following the alloy name. All specimens were tested in the as-punched 
condi t ion. 

Short-term tensile tests and creep tests were conducted at 1273 K on 
all possible alloy-exposut e-di rect ion combinations: total ol seven combi- 

nation^. In addition, short term tensile tests and a few creep tests were 
carried out at 1073 k on as-received alloys. All testing at 1073 K was 
conducted on specimens with tiie gage length parallel to the tinal sheet 
rolling direction. All elevated temperature testing was conducted to AS IM 
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Specification# E21-70 and El 19-70 by Spectrum Laboratories, Inc , 
Plscataway, New Jersey. Strains tor both elevated temperature tensile 
and creep rests were measured by an extensometer mechanically attached 
to the gage section. Differential motion of the extensometer was meas- 
ured by a linear variable differential transformer and its output was con- 
tinuously recorded Creep tests were generally condu ted fot 150 hours 
unless failure occurred. Most unfailed cteep test specimens were tensile 
tested at room temperature to determine if mlcrost ructural damage occurred 
during creep exposure Room temperature tensile testing was conducted at 
a constant cross head speed oi 0 002 centimeter per second on a screw 
driven test machine. Since many creep test specimens underwent signifi- 
cant creep deformation, residual tensile properties were calculated on 
the basis ot the gage dimensions alter creep testing. Additionally, be- 
cause of necking in many unfailed creep rest specimens, extensemetry was 
not used to measure room temperature yield strengths Instead, approxi- 
mate yield strengths wete estimated tiom 1. ad-ctoss bead motion charts and 
cross sectional area ot necked specimens 

Selected tensile test, tailed creep test, and residual property speci- 
mens were metal logruphical ly examired. in addition, the fracture surfaces 
of selected residual property specimens were studied with aid of the scan- 
ning electron microscope (SEM). 


RESULTS 

Elevated Temperature Tensile Testing 

The elevated temperature tensile data for tests conducted at 1273 and 
1073 R are given in table II With regards to ultimate tensile strengths 
at 12 7 3 K, Armco 18SR seems to be slightly st'onger in the longitudinal 
(parallel to the rolling direction) direction than the transverse (perpen- 
dicular ro rh e rolling direction' direction The opposite appears to be 
true for GE 1541 In general, the ultimate tensile strengths ol all three 
alloys ire equivalent ; however, the yield strength ot GE 1541 is about twi . c 
that of the other alloys. Additionally, it appears that 200-hour exposure 
in a thermal -eactor did not affect the #» 'ength ol either Armcc 18SR or 
GE 1541 At 10?3 K, NASA-18T-A has a small (approximately 15 pet cent) 
strength advantage over the other alloys All alloys possess high duc'ility 
at both re^t Temperatures Metallography of tensile tested specimens dtd 
not indicate anything unusual such as intergranular cracking 


Creep Testing 

The tabular elevated temperature creep data are presented in table III 
The data includes time to 0.5, 1 0, 2.0, and 50 percent creep strain, 
steady state creep rate, time to rupture, and elongation at the end of tes r 
or rupture, it it occurred The steady state creep rate data as a fund) r 
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of applied at tesa are p recanted in figures 1 and 2. Theie figures ala 
contain ralati”e steady state creep data (determined by Interrupting 
stress rupture »esr* and measuring actual gage length elongat ion) for 
several alloys from reference 2 This relative creep data appears to 
agree well with that determined in this study. In addition, figures 1 
and 2 contain cteep data determined I several simple ferritic iron b »s* 
alloys. As can be seen in these tigutes, <11 the lerrltlc stainless 
evaluated in this study are much stronger than simple single phase alloys 

Data for the various al loy-di rec t ion-exposure combinations »nd po< led 
(over direction and/or exposure) combinations weie fitted to the normal 
power law creep equation by means of a linear regression program. Addi- 
tionally, the creep rate data tot Armco 18SR and Gt 1541 were fitted to • 
linear regression equation involving a power law stress dependency and rwo 
dummy variables representing ’est direction and exposute condition Tire 
latter tesults combittid with the Ext j Sum of Square 1 - Principle (ret h) 
were used to determine it test direction and'or exposure condition were 
important variables in the description of the cteep behavior. 

Analysis of tire linear 'egression ’esults indicate that thermal tea - 
tor core exposure had little etfect on creep strength of Armco HSR How- 
ever, it appears that the strength of this all v is dependent on testing 
direction wltere the longitudinal direction ic about JO pe'-ent stronger 
than the transverse direction. The regression results for GE 1541 indi- 
cate that creep strength for all testing conditions can be well described 
by a single curve; thus, the creep resistance of GE 1541 is apparently rot 
dependent on testing direction or exposure condition At 1273 K, the ^ttt- 
exponents tor creep for Armco 18SR are about b 5 and 4.3 tot testing in rite 
longitudinal and transverse direction, respectively. The stress exponents 
for GE 1541 and NASA-18T-A at 1 2 7 3 K are approximately 4.6 At 1073 K, the 
stress exponents tor cteep are about 8 1 lor NASA-18T-A and 6 7 tot GE 1541 
A creep exponent for Armco HSR at 10 7 3 K could not be calculated because 
of the scatter In the data Decreasing values tor the stress exponents 
witli increasing fe*-r temperature have been previously observed (ret. 4) in 
simple ferritic iron allovs; thus, this behavior is not unusual. No aitemp’ 
was nude to determine ac.ivation energies lor creep 

Consideration cl the creep data in figure 1 indicates that the creep 
strengths of all three alloys are similar when tested parallel to the r 11- 
ing direction at 1273 K On the other hand, the data in figure 2 sh w that 
NASA-18T-A has better 1073 R creep strength than either Armco 18SR ot 
GE 1541 Add! tional 1 y , the creep data in figures 1 and 2 indicate thu> 
the creep strengtiis ot NASA-18T-A and NASA-18T are quite similar at 10' ) K 
and probably 1273 K 

Metallography of tailed creep rest specimens indicated a few grain 
boundary cracks in scleral Armco HSR specimens tested at 1273 R Addi- 
tionally, one Armc 18SR (TRC) specimen appeared to be undergoing unito m 
oxidation attack Mlg 3(a)) No cracks were seen in tailed GE 1541 speci- 
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mens; however, several localized oxidation attack regions were seen 
(fig. 3(b)). No obvious microst ructural changes were seen in tailed 
NASA-1 8T-A specimens. 


Residual Property testing 

After creep testing at 127) or 1073 K. the majority of the unfailed 
specimens were tensile tested at room temperature In order to assess the 
effects of prior creep. The results of the residual property testing are 
tabulated in table IV Typical examples of fracture surfaces are pre- 
sented in figure 4. 

As can be seen in table IV, there are differences between the re- 
sidual properties of the evaluated alloys after creep testing at 1273 K. 
Comparison of specimens rested parallel to the final rolling direction 
indicates that NASA-18T-A possess better residual properties than either 
Armoo 18SR or GE 1541. Additionally, the residual properties of NASA-18T-A 
are not influenced by the amount of prior creep strain up to 1.5 percent 
(maximum strain achieved) since the strength and ductility properties are 
equivalent to those specimens not subjected to prior creep strain. SEM 
fractography and metallography revealed that the NASA-18T-A residual prop- 
ertv specimen which had 1 <w properties partially failed by cleavage in a 
region which had undergone abnormal gtain growth such tiiat one grain tra- 
versed the sheet thickness. Tensile failure in the other NASA-181-A speci- 
mens occurred exclusively by ductile mechanisms. The behavior of the 
single NASA-18T specimen was identical to that of NASA-18T-A. 

The residual tensile property results in table IV for Armco 18SR 
after creep testing at 1273 K indicate differences in behavior for the 
various exposure conditions and test directions. Residual testing of 
Armco 18SR in the transverse direction yielded higher strengths and duc- 
tilities than those obtained for testing in the parallel direction. Hie 
tensile properties measured in the transverse direction are similar to the 
is-received room temperature properties reported in table IV of refer- 
ence 2 for the longitudinal direction On the basis of the transverse 
testing, it appears that prior creep at 1273 K has little effect on re- 
sidual propert ies On tire other hand, thermal reactor exposure followed 
!y creep testing at 1273 K reduces the residual rensile properties, par- 
ticularly the ductility In all cases, residual tensile fracture involved 
cleavage type failure, regardless of the final tensile elongation. Metal- 
lography of residual property specimens indicated that precipitation 
occurred on the original grain boundaries (fig. 5) and significant grain 
g r owth occurred in Armco 18SR creep tested at 1273 K; on the other hand, 
Armco 18SR (TRC) did not undergo as much grain growth nor as much precipi- 
tation as the unexposed alloy. The composition of the precipitates formed 
in Armcc 18SR could not be determined by SEM techniques. 

The residual tensile strength properties In table IV for GE 1541 
indicate that the strength perpendicular to the rolling direction is not 
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dependent on prior creep ut 1273 K or thermal reactor exposure. However, 
the residual ultimate tensile strength is somewhat reduced (anproximately 
10 percent) by prior creep exposure at 1 2 7 3 K for GE 1541 tested parallel 
to the rolling direction The residual tensile strength properties are 
nearly equal to thoae measured for the as-receivcd alloy It, this study 
and those reported elsewhere (raf. 3' But, the tensile ductilities, par- 
ticularly those measured for the parallel test direction, are lower than 
the 25 percent tensile elongation determined by Bartos, Perkins, and 
Robertsiiaw fref. 3). Examination of the fracture surfaces and microstruc- 
tures indicated that clea' age is an important failure mode for this mate- 
rial; only GE 1541 (TRC) residual property specimens exhibited extensive 
regions of ductile fracture. 

After creep testing at 1073 K, all the e aluated alloys possessed 
tensile properties equivalent to those measured tor as-received materials 
fref. 2). Tensile failure in Armco 18SR occurred by ductile mechanisms 
while GE 1541 failed by cleavage NASA 18T-A subjected to prior creep 
at 1073 K exhibited a pa-tlally intergranular ducrile ttacture with scatter 
regions where cleavage occurred ffig 4) Metallography of the tailed re- 
sidual property specimens confirmed that the fracture was partially inter- 
granular. Such behavior seems to be the result of precipitation which took 
place during creep testing frig. b). Attempts on the SEM to determine the 
composition of the inte * gt anular precipitate were not successtul. No un- 
usual microst ructural features were seen in GE 1541 or Armco 18SR residual 
property test specimens. 


DISCUSSION 

Cons ide i at Ion of the tensile and creep properties in the longitudinal 
direction reveals that the strength of all three alloys are similar at 
1273 k at strain rates ranging from 10“^ to 10“^/s. Equivalence of the 
creep strength is somewhat surprising as GE 1541 has better 1273 K rupture 
strength than either Armco 18SR or NASA-18T-A fref. 2) At 1073 K, NASA- 
18T-A has better tensile and creep strength in the longitudinal direction 
than the other two alloys; these results are in agreement with the 1073 K 
stress rupture data in reference 2. While the residual properties of all 
three alloys in the longitudinal direction are nominally equal after 
1073 K creep tes’ing, NASA-18T-A has better residual tensile properties, 
parti<ularly ductility, tftet 1 2 7 3 K creep testing than either Armco 18SR 
or GE 1541. Therefore, it appears that NASA-18T-A possesses some strength 
advantages over the other two alloys 

While the work in reference 2 indicates some stress rupture strength 
advantage for NASA-18T fnominally Fe-18Cr-2Al-l . 25Ta) over NASA-18T-A 
fnominally Fe-18Cr-2Al-0. 45Ta) , this study indicates that both alloys 
possess similar creep strengths at 1073 K and possibly at 1273 K. This 
behavior should be studied in greater detail. If this is correct, an 
effective Ta-st rengthened Fe-18Cr-2Al alloy could be produced at a much 
lower cost than originally thought since less Ta would be required 
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The test result*- Indicate that the ferritic stainless steel NASA-18T-A 
has potential for use in situations that require a moderate strength, oxi- 
dation resistant alloy. Pre* ious wark fref. 2) has shown that NASA-18T-A 
has better oxidation and corrosion resistance than best existing commercial 
and semlcomnerclal ferritic stainless steels. This work indicates that the 
effective elevated temperature tensile and creep properties and residual 
tensile properties alter creep testing of NASA-18T-A are equal to or better 
than best existing wrought ferritic stainless steels. 

Finally, it should be noted that the 1273 K tensile and creep strength 
of Armco 183K and GE 1 ^4 1 we-e not affected by 200 hour exposure in a 
thermal reactor. Thus, these alloys possess excellent resistance to a 
severe thermal, oxidizing environment and are capable of much longer lives 
in such applications 


CONCLUSIONS 

Based on the results of this study of the elevated-temperature ten- 
sile and creep properties and residual room-temperature properties after 
creep testing, the following conclusions are made: 

1. Tire developmental Ta-modlfied ferritic stainless steel NASA-18T-A 
has good potential for use in situations that require moderate strength 

as well as good oxidation and corrosion resistance at elevated temperature. 

2. Two-hundred-hour exposure to severe oxidizing conditions has essen- 
tially no effect on tire 1 2 7 3 K tensile and creep properties of Armco 18SR 
and GE 1 54 1 ferritic stainless steels 
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TABLE 


COMPOSITIONS AND GRAIN SIZE OF FERRITIC IRON ALLOYS EVALUATED 


Alloy 

Heat 

C 

Mn 

Armco 18SR 

490578 

0.031 

0.27 

G£ 1541 

M-287 

.012 

<0.01 

NASA-18T-A 

32 

.038 

.37 


Expected or nominal. 


Composition, ut percent 


Si 

Cr 

Ni 

Ta A1 

Ti 

1.1* 

17.90 

0.37 

2.16 

0.54 

.07 

15.20 

— 

4.95 

— 

1.14 

17.74 

0.17 

0.45 2.10 

0.44 


P 

S Y 

Ave rage 
grain 
size. 



-a 

to. 015 

a 0.015 

ij 

.003 

.001 0.7 

96 

.008 

.012 

60 


vC 



TARLE II - ELEVATED TEMPERATURE TENSILE PROPERTIES OF SEVERAL FERRITIC STAINLESS STEELS 


Material 

Test direction 
relative to tinal 

Tensile properties 


rolling direction 

0.2 percent Ultimate Elongation 

yield stress, tensile percent 


MPa strength, 

MPa 


1273 K 


Armco 18SR 

Parallel 

5.5 

22.5 

83.2 


Parallel 

6.5 

27.4 

91.2 


Perpendicular 

6.5 

21.4 

118.4 

Armco 18SR (TRC) 

Perpendicular 

7.2 

19.9 

72.8 


Perpendicular 

7.5 

20.4 

85.6 

GE 1541 

Parallel 

(a) 

19.5 

78.4 


Parallel 

15.1 

15.3 

75.2 


Pe rpendicular 

12.3 

23.4 

72.8 


Perpendicular 

12.6 

26.0 

75.2 

GE 1541 (TRC) 

Perpendicular 

12.7 

27.0 

72.0 


Perpendicular 

8.8 

22.7 

71.2 

NASA -18T-A 

Parallel 

4.8 

24.3 

70.4 


Parallel 

5.0 

25.5 

116.8 


1073 

K 



Armco 18SR 

Paral lei 

44.6 

64.2 

51.2 


Parallel 

22.9 

64.8 

46.4 

GE 1541 

Parallel 

36.3 

64.2 

51.2 


Parallel 

22.9 

64.8 

46.4 

NASA-18T-A 

Parallel 

44.6 

74.3 

62.4 


Parallel 

45.2 

76.7 

61.6 

a Anomalously low 

value of 2.2 MPa measured. 
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Future I Stead> state creep rate as a function of applied stress for several lerritic stainless steels 
tested at I7J3K 



fiqure ? - Steady state creep rate as a function of applied st-ess for several ter r it ic stainless steels 
jested parallel to the (mat rolltnq direction at 107 3 K 
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( 3 ) Aiaico 18 SRf IRCi tested it 3 45WPa for 71 a bouis; 53 percent elongation 
.it failure. 



fb) GF 1541 tested -it 6 9MPa for 142 hojrs; 4f, icrcent elongation at failure. 


Figure 3 C xamples of oxidation attach observed on failed specnens of 
several ferritic stainless steels tested at 1273 K 
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la) Multifaceted cleavage in i.f !S4I lasted p. H atlel to final lolling 
infection. Prior creep exposure; i IMPa it 1273 K to v 0 percent 
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' rnST r Afmc n ° 18 SK ,TRC) '« ,w l P'ependicular to final 
rolling direction Prior creep exposure ? IMP i at |?/i k to 4 1 
percent strain 
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Ductile m NASA-rT A tested p.n i lei to fmol rolling direction 
Prior creep exposure. 45MP.1 it 127 ■ K to 1.5 percent strain 


Figure 4 - Continued 
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(e) Ductile intergranul.il plus cleavage in NASA-I8T-A tested 
parallel to final rolling direr turn. Prior ' reep eitposiiie; 20 /MPa 
at 1073 K to 4 t percent strain. 

Figure 4. • Cone tuded. 
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Figure 5. Typical example of the precipitation on prior gram boundaries in 
Arrco 18 SR durmr ■ ree t ' • p at 127 K im: 3.45VPa tor 150 hours to 
2.3 percent strain. 
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FiRure 6 • Precipitates formed in NASA 18T-A dutmR creep test-ng at 1073 K at 
13 SMPa tor 150 hours to 0 1 percent strain 
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